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Background and Motivation
Lithium-ion batteries are a popular choice of power source for a variety of military systems due to their promise of high power and high energy density. However, safety remains a significant concern, as battery failure leads to ejection of hazardous materials and rapid heat release that can potentially cause propagation from cell-to-cell resulting in a total catastrophic failure event. These types of concerns can often present large obstacles for obtaining approval to implement new systems or upgrade existing power sources with more effective, state-of-the-art lithium-ion battery packs. Gaining approval for these systems hinges on the assurance of safe operation and, in the event of battery failure, effective mitigation and/or evacuation strategies (for the hazardous batteries, nearby personnel, or both) to prevent injury or loss of life.
Development of such strategies necessitates the controlled study of battery failure events to build a database and improve understanding of important characteristics relating to safety, such as heat release, hazardous materials ejection, and thermal propagation. The US Naval Research Laboratory (NRL) has been conducting a myriad of these battery failure experiments for several years, investigating a variety of different battery chemistries, geometries, abuse scenarios, and analysis techniques [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, despite the cache of data present in these reports, much still remains to be elucidated, specifically concerning the effects of state of charge (SOC) and multi-cell packing configuration on cell-to-cell failure propagation, particularly with respect to radial temperature distributions and internal temperature rise.
Battery failure can be initiated via a number of different abuse scenarios, such as overheating, overcharging, puncture/crushing, water immersion, or short circuiting. Consequently, under each of these situations the failing battery may exist at virtually any SOC, making it crucial to be able to gauge the level of threat as a function of SOC. Unfortunately, the importance of SOC on battery failure has been only minimally studied within the scope of both NRL reports [4, 6, 15] and the general literature [19] [20] [21] [22] , and lacking from many of these reports are thermal and quantitative analyses in addition to qualitative observations of failure events. Thus, a more thorough analysis of SOC effects on lithium-ion battery failure, particularly in multi-cell packs, is needed.
In addition to SOC, multi-cell packing configurations can highly influence lithium-ion battery failure events, especially with regard to cell-to-cell propagation. We have previously begun preliminary investigations of differences between hexagonal and rectangular geometric packings of 18650 cylindrical cells via computational modeling, comparing the rate of energy release and thermal propagation during failure events [17] . One of the key discoveries from these simulations was that energy propagation during failure likely occurs primarily in the vertical direction, as opposed to laterally, due to directed venting of hot materials and as a result of buoyancy-driven flow of ambient air surrounding the battery pack. This suggests that the cells most in danger of being impacted are those directly above, rather than adjacent to, a failing battery, meaning cell-to-cell failure propagation may be more likely to occur vertically as opposed to horizontally. ________________ Manuscript approved May 19, 2016. Another relevant point of emphasis with respect to cell packings concerns anisotropy of the 18650 battery's thermal conductivity; that is, due to the internal construction of a cylindrical cell, heat transfer in the axial direction is much more facile than in the radial direction [23] [24] [25] . This can give rise to either moderate radial temperature distributions (< 10°C) during normal cell operation [26] , or more extreme discrepancies between surface and internal temperatures (as high as 40-50°C) during an adjacent failure or rapid heating event [27] [28] [29] . With respect to this anisotropy, a related area of study that has not been investigated is the effect of horizontal and vertical cell packings on these radial temperature distributions. One would expect more dramatic radial temperature discrepancies for a horizontal package of cells since heat transfer occurs in the radial direction, compared with a vertical package where heat transfer propagates axially to nearby cells either above or below the failing cell.
In this report, different SOCs and packing configurations of a commercially-available 18650 lithium-ion battery are studied to determine their impact on heat propagation, internal battery temperatures, radial temperature distributions, and failure characteristics. Internal temperatures were obtained by designing and fabricating 18650 surrogate cells with embedded thermocouples which contained no active materials and were reused for multiple failure tests.
Experimental
Failure tests were carried out using a 5 m 3 two-man decompression chamber that has been re-purposed as an environmental test chamber. Numerous modifications have been made to enable remote control and monitoring of equipment and chamber functions, details of which can be found in our previous publications [16, 18] . Failure tests were conducted inside the chamber using a myriad of instrumentation and devices, which are described in detail in our published works [16, 18] and are also summarized in Table 1 . The active batteries used in all tests were commercially-available 18650 LiCoO2 lithium-ion batteries (Tenergy Corporation, 3.7V, 2.6Ah rated), and all failure events were initiated via overheating.
Two different packing configurations of 18650 cells were assembled: horizontal and vertical. Labeled diagrams for both configurations are shown in Figure 1 . In each setup, only one active lithium-ion battery was used, and surrogate 18650 cells with no active materials were used to fill in the packings. Figure 2 shows a photograph and labeled diagram of the surrogate cells fabricated for these tests, which consisted of alternating layers of mica (ultra high temperature, 0.61 mm thick) and stainless steel shim (0.051 mm thick, 51 mm width) rolled into a cylinder and inserted into an empty 18650 cell casing (details regarding the thermophysical properties and failure event performance of these novel surrogate cells have been submitted for publication [30] ). K-type thermocouples (Omega) were affixed to three locations on the "jelly roll"-type surrogate cell design: one in the center and two radially spaced on opposite ends but still contained entirely inside the cell casing. Small holes were punched in the bottom of the casing to allow thermocouple wires to pass through. Once all materials were inside the cell casing, the cell was grooved (MSK- 500 Semi-Auto Grooving Machine, MTI Corp.), a cap was added on top, and it was crimped shut (MSK-510M Hydraulic Crimping Machine, MTI Corp.).
For overheating batteries to the point of failure, a separate 18650 surrogate heater cell was created consisting of an aluminum core with an embedded cartridge heater, which was then connected to a variable autotransformer to modulate the heat output. In all failure tests, the heater cell was positioned directly adjacent to the active cell (see Fig. 1 ) to effectively initiate overheat failure events. In addition to the two packing configurations, three different SOCs were investigated: 30%, 100%, and severely overcharged. For the 30% tests, active cells were used as-received from the manufacturer. Charging to 100% was performed by applying a current of 200 mA until the upper cutoff voltage of 4.2V was reached, followed by holding at 4.2V until the current dropped to below 52 mA, using a Model 263A Potentiostat/Galvanostat (Princeton Applied Research). Severe overcharging was carried out using an 18V-10A power supply (Sorensen XPH Series) until an internal safety feature of the active cell tripped (typically when voltage reached >5V) and the battery went to open circuit. 
Results and Discussion

Horizontal Packing
A hexagonal arrangement of cells was constructed for all horizontal failure tests, as illustrated in Fig. 1A . Images from the optical high speed (HS) and infrared (IR) cameras during the failure event using an active cell at 30% SOC are shown in Figure 3 . Two separate venting occurrences were observed, separated by around 4 minutes. The cell initially vented a small amount of fluid (likely gas and/or electrolyte), followed by a brief lull while the heater cell continued applying heat. Finally, the cell began vigorously smoking and ejecting fluid rapidly, although no fire, flame or sparks were generated likely as a result of the low SOC of the battery. Once the event had fully exhausted the battery contents, the heater cell was turned off and the assembly was allowed to cool slowly to room temperature while the chamber was safely vented of all hazardous gases. Figure 4 shows temperature vs. time data for the surrogate and 30% SOC active cells, as well as temperature differences for internal surrogate cell thermocouples. The maximum temperature at the top of the active cell was recorded to be 126°C (Fig. 4F) at the moment of the initial venting, at which point the thermocouple became detached from the package. Surrogate cell internal temperatures reached maximum values of 148-236°C (Fig. 4A-C) during the final battery failure, illustrating the extreme capacity for energy transfer to adjacent cells during a single cell failure in a multi-cell pack, even at a low SOC. Instantaneous temperature differences reached as high as 46-71°C at the point of failure (Fig. 4D) , demonstrating large internal temperature gradients which can cause hot spots and further battery failure in active cells. Finally, the largest temperatures were observed in surrogate cells 1 and 5 (Fig. 4E) , which was expected since they were closest to the heater cell. During the initial heating stage, surrogate cells 1 and 5 received more heat due to direct contact with the heater cell than the other three surrogate cells. However, once the failure event began, all five surrogate cells experienced a similar degree of temperature rise from the heat expelled by the failing active cell since the contact was identical for all surrogate cells to the active cell. After several minutes of cooling, all five surrogate cells reached approximately the same temperature before returning to ambient conditions. Hex package HS and IR camera images with a 100% SOC active cell are shown in Figure 5 with temperature-time graphs shown in Figure 6 . Once again, two distinct events were observed: an initial venting occurred releasing a small amount of electrolyte, followed by a full failure around 2-3 minutes later. In this case, the failure event was much more energetic than the 30% SOC test and involved sparking before a long period of smoking. The active cell top cap thermocouple reached a maximum temperature of 130°C during the initial venting (Fig. 6F) , and similarly to the 30% SOC test, slightly detached from the cell making temperature readings during the final failure event inaccurate. As expected, surrogate cells 1 and 5 again showed the highest temperatures among all surrogate cells (Fig. 6E) due to proximity to the heater cell, reaching 250-418°C maximum internal temperatures, compared to only 155-231°C maximum temperatures for surrogate cells 2, 3 and 4 ( Fig. 6A-C) . Instantaneous surrogate cell temperature differences shown in Fig. 6D were as large as 82-228°C for surrogate cells 1 and 5 during the failure event, and even reached 19-40°C during the heating period before failure. The greater output of energy during failure of the 100% SOC cell resulted in much greater internal temperature distributions than the 30% SOC cell. Additionally, during the failure event liquid was observed to bubble from the top of the active cell and drip down and around the other cells in the package. This liquid was likely not electrolyte considering the extremely high temperatures present inside the failing battery that caused vaporization, decomposition, or combustion of the electrolyte, but rather was probably melted metals from the electrode materials (aluminum, copper, cobalt, and/or lithium) escaping and flowing out due to large internal pressures. This hot molten metal dripping around the active and surrogate cells may also have contributed to the extremely large temperatures seen in Fig. 6 compared with the 30% SOC test.
Figures 7 and 8 show HS and IR camera images, as well as temperature vs. time data, for the hex package with an overcharged-overheated active cell, respectively. In this test, the active cell was severely overcharged until the safety vent activated, causing the battery to permanently trip to open circuit. At this point, no current was able to be passed through the battery making pure overcharge failure an impossibility. For this reason, the heater cell was still used to bring the cell to the point of catastrophic failure. Similarly to the 100% SOC test, the overcharged battery produced a large amount of energy, sparking, and the force of the event caused the cell package to dislodge from the clamp holding it in place. The initial venting that took place when the battery was overcharged also resulted in the top thermocouple becoming detached, making accurate measurements of the top of the active cell during the ultimate failure event difficult. The maximum temperature observed from the top thermocouple on the active cell during the initial overcharge-induced venting was 141°C (Fig. 8F) , and surrogate cell temperatures surprisingly only reached 114-259°C (Fig. 8A-C) during the failure event. These values were comparable to the 30% SOC test rather than the 100% SOC test, which was unexpected considering the greater level of stored energy and violence observed during the failure from the overcharged cell. It is possible that unlike the 100% SOC test, where hot molten liquid dripped around the cell package and inflated the temperature data, the majority of energy from the overcharged cell propagated vertically and in a very short time period such that the adjacent surrogate cells were not as heavily impacted. This short vertical burst may also be the reason that unlike the previous tests, there was not as dramatic a difference between surrogate cells 1 and 5 compared with the other three, save for the obvious spike observed with thermocouple 5B in Fig. 8E . The 30% SOC failure event, while less energetic, lasted longer during the period of smoking and venting which may explain why the overall maximum temperatures were close in magnitude. Finally, the explosive nature of the overcharged cell resulted in internal temperature distributions between 51-111°C (Fig. 8D) during failure, which were greater than the 30% SOC test results. 
Vertical Packing
For the vertical failure tests, a separate cell arrangement was created, which is shown in Fig. 1B . Three different SOCs (30%, 100% and overcharged) were again applied for the vertical arrangement of cells. Figure 9 shows the HS and IR camera images for the 30% SOC test, and Figure 10 shows accompanying temperature vs. time graphs. The failure observed for the 30% SOC vertical test was similar to the 30% hex package test, with an initial venting followed (after around 8-9 minutes) by complete failure with vigorous smoking but no flames or sparking. During the initial venting, the rapid release of fluid from the top of the active cell caused the top surrogate cell to be ejected from the package, as evident in the images shown in Fig. 9 . The top thermocouple also became dislodged at that time, giving an indication of the temperature of vented material only during the initial safety vent trigger. The maximum top thermocouple temperature was 127°C (Fig. 10D) , and the top surrogate cell reached 90-97°C (Fig. 10A ) during this initial venting before being removed from the cell package. During the final failure event, the bottom surrogate cell only reached 70-75°C, further illustrating that heat propagated mostly in the vertical direction at the point where materials were ejected. Finally, the maximum internal temperature distributions observed in both surrogate cells was only 3-12°C, which was expected considering the previously-mentioned anisotropy in thermal conductivity between axial and radial energy flow. Since nearly all heat propagated axially in the vertical package tests, and all surrogate cell internal thermocouples were equidistant axially from the active cell, very little temperature distribution was expected. Figures 11 and 12 show camera images and temperature-time data for the 100% SOC vertical package test, respectively. Similar behavior was observed compared with the hex package test for a 100% SOC active cell: an initial venting occurred (which did not eject the top surrogate cell from the package), followed after around 13-14 minutes by the ultimate failure event where sparks, fire and ejected materials were observed. During this event, the top surrogate cell was finally ejected away from the cell package, and in the process both the top surrogate cell and top thermocouple became severely damaged, leading to a loss of data for those elements. Much like the 30% SOC test, bottom surrogate cell internal temperatures were not very high, peaking at only 64-68°C (Fig. 12A) , and internal temperature distributions in surrogate cell 2 were only 4-8°C (Fig. 12B) , further illustrating the anisotropy of the 18650 cells.
Overcharged and overheated HS and IR camera failure images for the vertical package are shown in Figure 13 , along with temperature vs. time data in Figure 14 . Overcharging the cell again caused a safety vent to trigger, sending the battery to open circuit. In this case, the initial overcharge venting fortunately did not cause either the top surrogate cell or top thermocouple to dislodge, allowing measurements to be made throughout the experiment. The maximum top thermocouple temperature during the initial venting was 107°C, and there was only a negligible rise in surrogate cell temperature before the heater cell was turned on. During the catastrophic failure event, the top thermocouple reached a staggering maximum temperature of 805°C (Fig.  14D) , and the top surrogate cell registered 91-109°C (Fig. 14A) before it was ultimately ejected from the package during the intense sparking, flames, and fluids being spewed from the active cell during failure. The bottom surrogate cell reached 89-96°C (Fig. 14B ) which was higher than the previous two vertical package tests and was likely a result of a much greater energy output during failure due to overcharged conditions. Despite the increased energy output, however, a maximum internal temperature distribution of just 8-19°C was seen (Fig. 14C) , consistent with all vertical package tests performed in this study.
Vertical package tests showed only a modest level of internal temperature rise in all surrogate cells compared with the hex package tests. Due to the propagation of energy during failure being primarily in the vertical direction, this result was surprising at first; however, considering that the top surrogate cell was ejected from the package during all three vertical package tests, it was not able to be in the direct stream of energy flow for the entire duration of failure in any test. Also, for the hex package tests there were more cells present, causing a larger mass, greater overall heat capacity for the package, and a degree of insulation for all cells involved that likely led to higher heat retention and larger recorded temperatures. However, in a real large format battery pack, there are typically numerous cells situated in close proximity, and these results suggest that while being horizontally-located near a failing cell is certainly dangerous and problematic, any cells placed above a failing battery will likely be at higher levels of risk for coming into contact with heat, fire, sparks, and hazardous ejected materials. 
Summary & Conclusions
A series of failure experiments were conducted using LiCoO2 18650 lithium-ion batteries and custom-designed and fabricated 18650 surrogate cells. Two parameters were varied: active cell state of charge and cell packing configuration. Three different states of charge were applied (30%, 100%, and overcharged) and two different packing configurations were constructed and tested (horizontal/hexagonal package and vertical package). Batteries were induced to failure using an adjacent cartridge heater embedded inside an 18650 cell casing to act as a heat source. Higher states of charge resulted in much more energetic failure events and generally led to higher temperatures. For the hex package tests, surrogate cells closest to the heater cell experienced the greatest temperature rise, and all surrogate cells had internal temperature spikes during the active cell failure event. Internal temperature distributions were extremely large during the heating period and failure events for all hex package tests, but not for vertical package tests, as a result of the anisotropy in radial and axial thermal conductivity of 18650 cells. These results illustrate the effectiveness of the custom surrogate cells for determining internal battery temperatures during a catastrophic failure event without the need of multiple active cells, and also of the dangers associated with battery failure in a multi-cell pack in both the radial and axial directions.
